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ABSTRACT This paper presents a numerical approach for massive multiple-input multiple-output (MIMO)
human exposure assessment. It combines ray-tracing for the estimation of the wireless channel and the
finite-difference time-domain method to simulate the exposure of a realistic human phantom. We apply
it to estimate the exposure in a model of an industrial indoor environment with a single massive MIMO
base station (BS). The exposure scenarios include line-of-sight and non-line-of-sight propagation with the
BS using equal gain transmission precoding at 3.5 GHz. Calculated channel parameters are discussed in
comparison with the data available in the literature. The exposure in the phantom’s head is evaluated in
terms of the peak-spatial specific absorption rate averaged over a 10-g cube and referenced to the free-space
time-averaged Poynting vector magnitude at the same location.
INDEX TERMS 5G, massive MIMO, EMF exposure.
I. INTRODUCTION
Massive multiple-input multiple-output (MIMO) is one of
the most promising candidates as a 5G communication tech-
nology. First introduced in [1], it offers an unprecedented
increase in spectral efficiency of a wireless link. It is achieved
by equipping the base station (BS) with a large number of
antennas compared to the number of simultaneously served
users. The user equipment (UE) is a single antenna device.
The BS estimates the propagation channel through receiving
up-link pilots. This channel-state information (CSI) is used
at the BS to preco de the signal it transmits, maximizing
the desired signal strength at the receivers while minimizing
interference. This is achieved by selecting the phases and
amplitudes at the BS antennas (precoding them) such that
their signals are combined constructively at the intended
The associate editor coordinating the review of this manuscript and
approving it for publication was Mithun Mukherjee.
receivers and undergo a destructive interference at the other
receivers. Various precoding strategies were devised and ana-
lyzed in [2]. The propagation environment and the precoding
scheme used at the BS are the major factors influencing the
electromagnetic field (EMF) distribution (Poynting vector)
in vicinity of the receivers during the operation of a massive
MIMO system.
Recently conducted theoretical studies were focused on the
assessment of the realistic maximum power density levels
and compliance boundary size. In [3], analytical expressions
were used to describe the statistical properties of the massive
MIMO operation and in [4], the 3GPP stochastic channel
model was involved. In both works the line-of-sight (LOS)
scenario was studied as yielding worst-case human exposure
and operation of the massive MIMO system was reduced to
beamforming.
However, in a non-line-of-sight (NLOS) scenario such
approach might no longer be feasible. As there is no direct
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path between the BS and UE, forming conventional ’beams’
is not beneficial as the signal gets attenuated by obstacles.
Instead, the BS exploits the knowledge of the channel and
allocates its power to multi-path components. High spatial
multiplexing gain, typical for a massive MIMO transmission,
results in sharp power density peaks confined to a narrow
spatial region in proximity of the UE’s terminal.
This paper presents a numerical approach for the evalua-
tion of realistic EMF exposure to a massive MIMOBS down-
link transmission in terms of localized specific absorption
rate (SAR). This has never been done up to now, to the best
of the authors’ knowledge. It combines ray-tracing (RT) for
deterministic geometry-based propagation calculation and
the finite-difference time-domain (FDTD) method to assess
exposure of a realistic human phantom.
Comparing LOS and NLOS modes of operation of a mas-
sive MIMO system could give insights into realistic exposure
conditions.
In this paper, models of an indoor industrial environment
are studied. It is envisioned that factories of the future will be
equipped with multitudes of autonomous robots and human
workers, all of which will require fast and reliable wireless
connection. A single massive MIMO BS could potentially
provide the needed service due to low path-loss (PL) expo-
nent and rich scattering in such scenarios [5].
Recent measurement campaigns performed with massive
MIMO test-beds [6] in indoor environments report its distinc-
tive features: multi-user consistency, spherical wavefronts,
and non-stationarity across the BS array. Current stochastic
MIMO channel modeling frameworks, e.g. COST 2010 [7]
andQuaDRiGa [8], do not account for these effects. Although
possible extensions were proposed [9], [10], they are yet to be
experimentally validated [11]. On the other hand, geometry-
basedmassiveMIMO channel modeling using the RTmethod
complemented with the uniform theory of diffraction (UTD)
has been reported to reproduce the aforementioned effects in
both indoor [12] and outdoor environments [13].
The paper is organized as follows. In Section II, we explain
the proposed numerical approach in detail, estimate the algo-
rithmic complexity of the methods involved and the limits
of their applicability. We also estimate the numerical error
of our method. Section III presents the results obtained in a
model case of industrial indoor environment. Time-averaged
free-space Poynting vector magnitude and SAR in a hetero-
geneous human phantom are assessed. It also contains the
discussion of the results with respect to the existing exposure
guidelines.
II. MATERIALS AND METHODS
In this section, we explain the numerical approach. First,
a high-level overview is given, where all steps involved are
shown, and their connections are explained. Then, for each
step, we elaborate the details. An example of its application
is given for a model environment.
FIGURE 1. Numerical pipeline scheme. Ray-tracing, FDTD and the
interface between them are shown.
A. NUMERICAL PIPELINE
A block-diagram of the proposed method is depicted
in Figure 1. It can be conveniently viewed as consisting
of two components: RT and FDTD. The hybridization of
these two methods was first introduced in [14], where it
was used for indoor wireless propagation prediction; the
results were compared to the measured data, showing good
agreement and superiority in precision over pure RT. The
same approach was next applied to the human exposure
assessment to conventional single-antenna BS in an urban
macrocell in [15]. The results demonstrated the significance
of the ‘‘accurate modeling of the environment in which the
exposure takes place’’. Peak-spatial SAR averaged over 10g
(psSAR10g) was reported to increase around two times with
reflections from a nearby wall taken into account. Inclusion
of the propagation environment in the simulation is expected
to have even stronger effect on exposure produced by a
massive MIMO BS.
An extensive study [16] based on sets of single-plane wave
FDTD simulations with adult heterogeneous human phan-
toms reported psSAR10g relative variation of around 300%
with respect to the direction-of-arrival (DoA) of a plane wave.
Therefore, a realistic modeling of the EMF-exposure should
account for the expected DoA relative to the exposed subject.
One way to achieve this is to utilize known DoA distribution
for a particular type of environment when assessing the expo-
sure statistically [17].
However, for a massive MIMO system directional infor-
mation at the receiver side per BS antenna and inter-antenna
correlation should as well be accounted for. These are often
characterized via the notion of a cluster of scatterers, which is
associated with a group of closely spaced DoAs. A cluster can
be described with its DoA and relative power distributions. In
proposed stochastic models of the massive MIMO channel,
a widely used approach is to generate cluster parameters
according to appropriately chosen distributions. Whether a
cluster is shared between two BS antennas is given by a
probability function.
As the input of a RT simulation is a geometrical model
of an environment (see Figure 1), the RT approach has the
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following advantage over stochastic models: all the channel
information is extracted from the environment model, rather
than being sampled stochastically.
The choice of distribution parameters in a stochastic model
is equivalent to the definition of the RT simulation domain.
We further discuss this in the analysis of the RT results.
We generate the geometry for RT simulations stochasti-
cally, described with a set of parameters.
The directional information of the incidence at the UE is
spatially consistent. Scatterer clusters emerge naturally as
the strongest propagation paths, between the BS and a UE.
Importantly, RT calculates DoA per individual BS antenna
element based on the shape of the antenna array, its orienta-
tion in space, etc. Power distribution, phase, and time-delay
of the incident rays are calculated from the length of the prop-
agation paths (path loss), possible reflections, transmissions
(Fresnel equations) and diffractions a ray undergoes during
its propagation (Figure 1, left).
Antenna radiation patterns are easy to incorporate into RT
simulations, as it only requires scaling of the incident power
with respect to direction of departure (DoD) at the transmitter
and DoA at the receiver; it can be done as a postprocessing
step of simulation results.
B. RAY-TRACING SIMULATION
We use REMCOM Wireless InSite software for RT simula-
tions in this study. A RT simulation is intrinsically narrow-
band, as far as propagation is frequency-dependent. Given
that the BS terminals are excited with a sinusoidal signal
at frequency fc, the ray-tracer calculates the channel transfer
function between nth BS antenna (Tx) and k th UE (Rx) as
hnk =
s(k,n)∑
r=1
pr exp(−2pi ifcτr ), (1)
where s(k, n) is the total number of paths found between
nth Tx and k th Rx points, pr is the complex-valued impulse
response through the r th path and τr is the time-delay of
the r th path. Evaluating (1) for each Tx-Rx pair yields the
frequency-specific channel matrix H(fc) (Figure 1). Obtain-
ing full channel matrix requires calculation of H(f ) at every
sub-carrier frequency utilized by a massive MIMO system.
Further in the paper we focus on simulations at a single carrier
frequency of 3.5 GHz.
The channel Gram matrix is commonly used for analysis
of a massive MIMO system performance and given by
G = HHH. (2)
It is a positive-semidefinite matrix of dimensions K × K ,
where K is the overall number of simultaneously served UEs.
Its k th diagonal element is proportional to the power received
by the UE#k, and the magnitude of its element with indices ij
is proportional to the interference between ith and jth UEs.
FIGURE 2. A sample of the environment in a ray-tracing simulation.
Floorplan has the dimensions of 40 m×20 m×5 m. The floorplan and
Tx-Rx arrangement is fixed, while cuboid scatterers are generated
independently for each sample.
1) MODEL OF THE ENVIRONMENT
The ray-tracing simulations were done the in the indoor
environment shown at Figure 2. The floor-plan is a
40 m×20 m×5 m rectangular room. A dielectric material
with parameters εr = 7, σ = 1.5 · 10−2 S/m was assigned
to its walls, floor and ceiling (concrete material model).
Scatterers are placed along the perimeter of the room,
no more than 3 m away from the walls, distributed in the xy-
plane with the Poisson Disk sampling algorithm [18]. The
Poisson Disk sampling algorithm assures that the scatter-
ers do not intersect and distributes them evenly inside the
bounded region. The scatterers are cuboids of fixed width
and length (2 m×0.5 m) and height sampled uniformly in
the range from 2 m to 3 m. Each scatterer is independently
rotated around the vertical axis, through the object’s center,
at an angle sampled uniformly in [0, 2pi ).
Figure 2 shows the location of the massive MIMO BS
(green) and a linear array of receivers (red). The center of
the BS array is located at x = 7 m, y = 10 m, z = 4 m in
the coordinate system depicted in Figure 2. The BS consists
of 36 vertically polarized isotropic radiators arranged in a
planar 6-by-6 array in yz-plane with a uniform 1λ (approx.
86 mm) spacing between the elements. All elements of the
array are fed with equal power, such that the total radiated
power of the BS is 1 W. In this study, we do not assign
individual antenna patterns to the BS elements in order to
simplify the analysis of the results.
Nineteen UEs are arranged in a linear array with equal
1 m spacing spanning from 15 to 33 m along the x-axis.
All UEs are elevated at equal height of 1.5 m (along the z-
axis). A receiver is modeled with a single vertically polarized
isotropic antenna.
In addition, one cuboid of size 2 m×0.2 m×4 m can be
placed at the fixed location (x =10 m, y =10 m), blocking
the direct path between the BS and the array of receivers
(see Figure 2). We further refer to the setup where the cuboid
is present as the NLOS scenario and the setup without the
cuboid as the LOS scenario.
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FIGURE 3. Icosahedral triangulation of a sphere of frequency i . (a) i = 1,
20 faces (Icosahedron); (b) i = 2, 80 faces; (c) i = 16, 5120 faces.
2) DISCRETIZATION OF INCIDENT RAYS
A ray rn,k = {fc,n,E,H} in the RT method is described
by the frequency fc, DoA vector n of the plane wave it
represents (a unit vector opposite to the direction of the plane
wave propagation), complex amplitudes of its electric and
magnetic fields E,H, and indices of a Tx-Rx pair (n, k) it
is calculated for.
Many modern FDTD software tools feature a functionality
to create plane wave sources. We use this feature available in
EM-FDTD solver of Sim4Life v4.0 (ZMT, Zürich, Switzer-
land) and model an incident ray as a plane wave source
propagating in the entire domain.
The simulation time is nearly linearly proportional to the
total number of plane wave sources in it. Moreover, the num-
ber of rays incident at the specific point is also proportional
to the number of the antennas at the BS, as each antenna is
traced independently.
The overall number of rays that reach a particular UE
depends on the environment, Tx-Rx positions, and attenu-
ation threshold, after which a ray is discarded; e.g., in the
studied environment with the power threshold of -50 dB and
source ray spacing of 0.02◦, on average around 220 rays per
Tx-Rx pair were observed, resulting in approximately 8 · 103
rays per UE.
Such large number of plane waves in a simulation leads
to a long run time and renders it impractical to conduct
the simulations in extensive sets of environment samples.
It is computationally beneficial to combine rays with closely
aligned propagation directions before introducing them into
the FDTD domain.
To reduce the number of plane waves in an FDTD simu-
lation, hence, decreasing simulation time, we perform DoA
discretization of the incident rays at each UE. We define
a grid on a unit sphere and use the normal vectors of its
elements to approximate DoA of the rays calculated with
the RT method. If the set is sufficiently large and covers
all DoA space in a uniform manner, the error introduced by
this procedure is expected to be small for any distribution of
DoA of the incident rays. This procedure allows to add up
the complex amplitudes of the discretized rays having equal
DoAs, decreasing the total number of plane waves in the
FDTD simulation (and proportionally decreasing CPU time).
We use a geodesic spherical grid based on subdivision of
an icosahedron. By subdividing every edge of the icosahedron
into i segments, triangulating its faces and projecting newly
created vertices into the unit sphere, an icosahedral triangula-
tion of a sphere (icosahedral sphere, ico-sphere) of frequency
i is generated. The angle between any two adjacent triangles
(a dihedral angle) of an ico-sphere is nearly constant, which
makes its surface a largely isotropic spherical grid.
For each ray the calculated DoA vector n is replaced by
n˜, being the outer normal of the ico-sphere face ni with the
maximal orthogonal projection onto n,
n˜ = argmax
ni
{(n,ni)}. (3)
To estimate the error introduced by the discretization pro-
cedure, let us consider two plane waves with wave-vectors
k1 and k2, such that |k1| = |k2| and 6 (k1,k2) ≤ βi, where
βi is the largest dihedral angle of an ico-sphere of frequency
i. Then the shortest distance between two neighboring inter-
ference pattern maximas (fringe spacing) is given by di =
λ/ sinβi [19]. Table 1 presents values of di calculated for
i ≤ 16. Starting from i = 4, the fringe spacing becomes larger
than the expected domain size. We use this as a starting value
in the following numerical evaluation of the associated error.
TABLE 1. Distance between interference peaks for different ico-sphere
frequencies.
To numerically estimate the error introduced by DoA dis-
cretization in the simulated environments, we compare the
time-average power flux density S calculated from the full
set of rays obtained with the RT method and their discretized
approximations Si for icosahedral sphere frequencies i listed
in the Table 1. We integrate the absolute difference between
x-components of S and Si and their mean value over a
190 mm × 240 mm rectangle A in the yz plane. The ratio
of two is used to measure the error
1i =
∫
A |Sx − Sx,i|∫
A |Sx |
. (4)
The area of integration is the projection of the phantom’s
head bounding box on the yz plane (wich is the phantom’s
coronal plane). As such, 1i approximates the relative error
of the total power incident at the phantom’s head along the
x-axis when discretizing the rays using the ico-sphere of
frequency i (see Fig. 5). We calculated 1i for 100 samples
of the environment in Figure 2 with the NLOS scenario; its
value averaged over all samples and all UE locations along
with its standard deviation σ as a function of i are shown at
Figure 4.
Mean 14 approximately equals 20% and for some sam-
ples exceeds 30%. However, 1i falls rapidly as i increases.
Mean116 was found to be around 5.5%with its value staying
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FIGURE 4. Relative error of the total power incident along the x-axis.
Sample average and standard deviation over 100 RT simulations are
shown.
below 12% for all samples. Numerical uncertainty of expo-
sure assessment caused by the finite FDTD grid resolution
is reported to be around 10% for the grid step of 2 mm and
frequencies below 5 GHz [20]. Thus ico-sphere of frequency
16 was considered to provide a sufficiently accurate approx-
imation for the incident field.
In the studied environment, the overall number of the
discretized rays for a given UE rarely exceeded 250, which
reduced the FDTD simulation run-time by a factor of 30. This
approximation was further used in FDTD simulations with a
realistic human phantom.
C. FDTD SIMULATIONS
Sim4Life FDTD software was used for the simulations
described in this section. The simulation domain is shown
in Figure 5. The EMF-exposure is assessed using the ViP
v.3.1 Duke heterogeneous human phantom [21]. psSAR10g
is used to measure the exposure as highly focused energy
distributions are expected (hotspots).
FIGURE 5. A computational domain of the FDTD simulation. Domain
boundaries are shown with solid black lines. Voxels of the ViP v.3.1 Duke
phantom’s head, included into the domain, are shown. Dashed line
depicts to boundary of the integration surface A (shaded area) in (4).
The center of the domain is coincident with the position
of the UE, where the exposure is being assessed. The UE is
assumed to be a mobile phone in a typical usage scenario
close to the head. Accurate modeling of the usage scenario
requires positioning the phantom inside the domain preserv-
ing its arrangement relative to the UE. Here we use a simpli-
fied approach by centering the phantom’s head at the position
of the UE (center of the domain).
In addition, we only include the phantom’s head into the
FDTD domain to reduce the computational demand. The
domain dimensions were set to 300mm× 300mm× 250mm
to fully enclose the phantom’s head.
The discretization step did not exceed 2mmwhich resulted
in more than 40 grid steps per wavelength at 3.5 GHz. The
total number of voxels was around 3.3×106.
III. RESULTS
A. MASSIVE MIMO CHANNELS
To evaluate the massive MIMO performance in the pro-
posed environment we investigate the channel matrices and
compare their properties with those of the theoretical i.i.d.
Rayleigh channels.
Figure 6a depicts a channel Gram matrix, which channel
response was modeled with independent sampling from a cir-
cularly symmetric Standard Normal distribution, according
to the Rayleigh fading model. The dominance of its diagonal
elements is conditioned by the law of large numbers, as any
off-diagonal element is the average of a large number (num-
ber of the BS antennas N ) of random variables with zero-
mean. At the same time, any diagonal element is the square
of the absolute channel impulse response, and proportional to
the power received by the corresponding UE.
Figure 6c shows an example of a channel Gram matrix cal-
culated with the RT method in the NLOS scenario. Relative
magnitude of a diagonal element decreases with increasing
UE index. This is the result of the PL, as the distance from
the BS to the corresponding UE increases.
The arithmetic mean of the channel Gram matrices
obtained in 100 NLOS environment samples are depicted
in Figure 6d. Comparing Figure 6c and Figure 6d, one can
see that the channel impulse response is indeed uncorre-
lated between independently generated environment samples.
The correlation between channels (off-diagonal elements at
Figure 6c) occasionally reaches the order of magnitude of the
signal (diagonal elements), but vanishes on average.
LOS channels exhibit much higher correlation
(Figures 6e and 6f) between farther spaced receivers com-
pared with NLOS, which is explained by the shared direct
path component. The correlation further increases when
strong scatterers are shared between UEs, as illustrated at
Figure 6e for UE#2 and UE#3, in which case the channels
become nearly identical up to a constant phase shift. On aver-
age the diagonal elements dominate, though the observed
correlation is higher than the one of NLOS or i.i.d. Rayleigh
channels.
The quantitative analysis of the channel is often per-
formed using the channel matrix singular value spread
(SVS) κ(H) [22] and channel Gram matrix power ratio
γ (G) (MPR) [13].
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FIGURE 6. A comparison of normalized channel Gram matrices (K = 19,
N = 36). (a): An example of i.i.d. Rayleigh channel model with
hkn ∼ CN (0,1). (b): Average of 100 i.i.d. Rayleigh samples.
(c): An example of NLOS scenario (see Figure 2). (d): Average over
100 NLOS environment samples. (e): An example of LOS scenario.
(f): Average over 100 LOS environment samples. (a) i.i.d. Raleigh channels.
(b) Avg. i.i.d. Raleigh. (c) NLOS. (d) Average NLOS. (e) LOS. (f) Average LOS.
κ(H) is the ratio between the maximum and the minimum
singular values of H. SVS is the measure of correlation
between the channel vectors: it equals to 1 for perfectly
orthogonal channels (all singular values equal 1) and larger
than one for non-orthogonal channels. κ(H) close to 1 indi-
cates that the channel exhibits favorable propagation condi-
tions for the operation of a massive MIMO system.
γ (G) is the ratio between the sum of squared absolute
values of the diagonal elements of G and the sum of all its
elements absolute values squared
γ (G) =
K∑
i=1
|gi,i|2
K∑
i=1
K∑
j=1
|gi,j|2
. (5)
FIGURE 7. Probability density function of γ (G) (left column) and
cumulative distribution function of κ(H) (right column) for 2, 5 and
19 active adjacent UEs. Results for the NLOS (top row) and LOS (bottom
row) scenarios are shown.
γ (G) is the portion of the electromagnetic energy that is
focused at the intended receivers instead of interfering with
other receivers. In i.i.d. Rayleigh channels γ (G) tends to
1 and goes to 0 when a significant inter-channel correlation
is present.
To evaluate the variation of κ(H) and γ (G) in the stud-
ied environment model (and quantify its suitability for the
deployment of a massive MIMO system) we select all sub-
arrays of n consecutive UEs from the original UE array and
calculate the above quantities for 100 environment samples.
Figure 7 depicts the sample probability density function
(PDF) of γ (G) and cumulative distribution function (CDF)
of κ(H) for n = 2, 5 and 19 (whole UE array) in LOS
and NLOS scenarios. For larger n always a larger SVS is
observed, in agreement with measurement results in [23] and
the results of RT simulations in [13].
The NLOS scenario offers better propagation condi-
tions compared with LOS, which agrees with [24]. This is
expected, as in the LOS scenario all UEs are positioned along
one straight line, which is also the strongest propagation path,
i.e. the phase of the signal is correlated with its DoA for all
receivers. However, the SVS rarely exceeds 10 dB in both
scenarios for n ≤ 5, which means that the BS is capable
at providing a good service to up to 5 closely spaced UEs.
Channels to more sparsely distributed users tend to be less
correlated. This allows to conclude that the proposed envi-
ronment model is well-suited for the deployment of massive
MIMO and the average EM-field incident at the UEs can be
treated as realistic.
B. POWER FLUX DENSITY FOCUSING IN FREE SPACE
Here we examine the behavior of the time-averaged power
density flux in free space in the neighborhood of the UE to
which the transmission occurs. A simple case when the BS
transmits to a single-user only was studied. This is a potential
worst case exposure-wise (for EGT precoding scheme), as the
BS attempts to focus all the available power at a single user
position rather than spreading it between multiple locations
in a multi-user case.
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Strictly speaking, the results of the RT simulation are
only valid at the point in space that is coincident with the
position of the assessed UE. However, spatial distribution of
the EM-field in proximity of the point is determined by the
phase-amplitude relation of the incident plane waves if their
DoA variation close to that point is sufficiently small.
To examine to which extent this assumption holds, we per-
formed 100 RT simulations in the NLOS scenario (Figure 2)
with a linear array of densely spaced (10 mm separation)
receivers spanning for 0.5 m along the x-axis at 20 m distance
from the BS. On average, correlation of the incident rays
power as a function of DoA was found to be above 60%
for the UE separation distance less than 200 mm. Therefore,
we further examine EM-field distributions in a finite space
region.
In this and following sections we apply Equal Gain Trans-
mission (EGT) scheme [25] to precode the discretized rays.
The EGT is realized by setting the phase of the signal at every
BS antenna element opposite to the phase of the received
signal at the terminal of the UE to which the transmission
is intended, while maintaining the amplitude of the signal
equal at all BS antennas. Using the definition of the channel
matrix element (1), we obtain EGT-precoded complex E-field
amplitude of the jth ray incident at the k th UE from the nth BS
antenna as
Eˆjn,k = Ejn,k exp(−i arg(hnk )). (6)
Then the E-field at the point r in proximity of the k th user
is found taking the sum over all rays and BS antennas
EEGTk (r) =
N∑
n=0
∑
j
Eˆjn,k exp (−ikjr), (7)
where kj is the wave-vector of the jth ray. Equations for
the magnetic field are obtained by substituting H for E
in (6) and (7).
Time-average power density flux is the real part of the EM-
field Poynting vector [19]
SEGTk (r) = Re(
EEGTk ×H∗EGTk
2
). (8)
We evaluated (8) on a uniform rectilinear two-dimensional
grid in the xy plane at z = 0 constructed for all UEs in the
LOS and NLOS scenarios for 100 environment samples.
Figures 8a and 8b show spatial distributions of SEGTk (x, y)
averaged over UE locations and environment samples for
LOS and NLOS scenarios respectively. They illustrate the
average power flux density gain in the studied environment
model that the BS delivers. The BS is located in the negative
x-axis direction at y = 0. In both cases, the maximum
power density is observed in the center of the domain (UE
antenna terminal). This is the effect of focusing achieved
by precoding of the transmission by (6): on average the
signal arrives at the receiver having zero-phase and adds-up
coherently. It is important to emphasize that not all the prop-
agation paths combine coherently at the center. The impulse
FIGURE 8. Spatial distribution of the time-average power flux density in
the xy-slice through the location of the UE, averaged over all UEs
in 100 environment samples. Total BS transmitted power is normalized to
1 W. (a): The LOS scenario; (b): The NLOS scenario. (a) The LOS scenario.
(b) The NLOS scenario.
response from every BS antenna is constituted by multiple
propagation paths, phase relation between which is fixed and
determined by the environment. It is by coherently combining
instantaneous field distributions produced by multiple anten-
nas, that the focusing is achieved. The less correlated the
signal response between the antennas is (that is the less alike
these individual field distributions are) the sharper the field
enhancement at the receiver can be produced.
In this regard the difference between LOS and NLOS
scenarios is evident. In the LOS scenario the strongest prop-
agation paths, being nearly collinear with the positive x-axis
direction, have narrow angular spread, which results in inter-
ference patterns with wide maxima. In contrast, when direct
paths are obstructed, incident power has a more uniform and
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wide angular spread; this results in higher angular diversity
in the incident rays (larger ‘‘aperture’’) and sharper focusing
along y-axis, as can be seen at Figure 8b.
On the other hand, in the NLOS scenario the strongest
propagation paths are blocked, which results in more than
3 times lower absolute average of SEGT (0, 0).
To compare the focusing effect in both scenarios we cal-
culate full width at half maximum (FWHM) of the spatial
distribution relative to the background, along x and y axes,
as shown at the top and left side of Figures 8a and 8b.
For LOS and NLOSwe found FWHM(y)'39mm or 0.45λ
and FWHM(x)'63 mm or 0.74λ respectively. We use the
average of two values as the focusing performance indicator,
which in this case approximately equals 51 mm or 0.59λ.
Another measure of focusing performance is the power
density gain reached with the EGT precoding relative to
power density of non-precoded BS transmission. This aspect
and spatial variation of the power density at a larger scale is
discussed in more details in the following sections.
C. SPATIAL DISTRIBUTION OF SAR
We use psSAR10g to study localized exposure in the head of
the heterogeneous phantom model as described above. Due
to a highly focused EM-field distribution in proximity of
the head, peak-spatial SAR averaged over 10-gram cube is a
suitable quantity for the EMF-exposure estimation. 10-gram
averaging cube and the maximum permissible psSAR10g
are standardized by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) in [26].
The FDTD simulations are performed for two rotation
angles of the phantom (0◦ and 90◦) relative to the BS were
conducted for each environment sample. As discussed in
Section II, psSAR varies significantly with the incidence
direction; exposure from the back of the head (0◦ rotation)
and exposure from the side (90◦ rotation) are examined to
study this effect.
Figures 9a and 9b depict the distributions of psSAR10g in a
horizontal slice of the phantom’s head, averaged over 19 UEs
in the LOS scenario, exposed from the back and from the
side respectively. When exposed from the back the maximum
psSAR10g value is almost two times lower compared to the
one found with exposure from the side setup. This is largely
explained by the irregular structure of the ear, where the peak-
cube is a almost always found in the side-exposure case,
which agrees with a single-plane wave exposure studied in
[16]. More generally, this effect can be attributed to the fact
that in the LOS scenario most of the radiation is incident from
the half-space where the BS resides. Location of the peak-
cubes are on average aligned with the direction to the BS
in LOS for both angles of rotation, which also supports the
argument above. Most of the psSAR10g cubes are found in
the top of the head when the phantom is exposed from the
back, which is why the slice depicted on Figure 9a is located
higher than on the others of Figure 9.
Distributions of psSAR10g for two angles of the phan-
tom’s head rotation averaged over 10 environment samples
and all UE positions in NLOS scenario are shown on
Figures 9c and 9d. As mentioned in Section III-B, NLOS
scenario results in a broader distribution of DoA in the inci-
dent rays. Thus the location of the peak-cube in the phan-
tom’s head is less correlated with the direction to the BS
(or the angle of rotation of the head) compared with the
LOS scenario. For both the 0◦ and 90◦ degrees rotation in
Figures 9c and 9d, most of the peak-cubes were located in
the ears.
Another effect of the wider DoA spread is that the power
deposition in the head gets distributed more evenly over mul-
tiple regions. As a result, themaximum psSAR10g normalized
to the power density in the free-space hotspot (obtained in the
same exposure conditions) drops on average compared to that
in the LOS case.
D. LARGE-SCALE VARIATION OF THE LOCALIZED SAR
In this section we evaluate the power density in free space
and psSAR10g in the phantom’s head as a function of the UE
distance from the BS.
1) LOS
Results for the LOS scenario are given in Figure 10a. The
graph at the top depicts the sample average of the free-space
power flux density, calculated for 100 environment samples.
SEGT and Srand are the free-space time-averaged Poynting
vectors evaluated at the location of theUEwhen the BS anten-
nas transmit with EGT-precoded and with independent ran-
dom (in [0, 2pi )) phases respectively. The ratio |SEGT |/|Srand |
is the EGT-precoding gain in terms of the time-averaged
power density. It is fairly stable over the distance; varying
between 13.2 and 15.5 dB, its average approximately equals
14.4 dB. It is also interesting to compare these values with the
power density calculated with the free-space path loss model
Sf .s., shownwith a dashed blue line. It is calculated using Friis
free-space transmission formula [25] for a single isotropic
radiator with the total power of 1 W as the BS. Everywhere
Srand is larger than Sf .s. with their ratio increasing from
around 3.9 to 6.9 dB as the distance to the BS increases. This
can be explained by the presence of the PEC scatterers which
reflect EM-energy and channel it through the environment,
instead of absorbing it. This is confirmed by the extensive
measurement campaigns [27] carried out in industrial indoor
environments, which report PL exponent less than 2 in the
studied frequency range.
The graph at the bottom of Figure 10a depicts the maxi-
mum psSAR10g averaged over 10 LOS environment samples
with the phantom exposed from the back (0◦ rotation, blue
line), side (90◦ rotation, red line) and 5th - 95th percentile
range taken from the distribution of all 20 exposure values
(shaded region). At all UE locations exposure from the side
was found to be higher than from the back by a factor
of 2.6 on average. Overall, the average maximum psSAR10g
value is closely proportional to SEGT in the hotspot with the
proportionality factor varying from around 2.7 · 10−2 m2/kg
to 4.4 · 10−2 m2/kg.
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FIGURE 9. Color shows SAR10g distribution, normalized to 1 W BS power and averaged over all 19 UEs in 10 environment samples; z coordinate of the
slice is coincident with the maximum average SAR10g and indicated in the top-right corner; black squares depict peak-cubes in each exposure sample
projected onto the slice. (a): Exposure from the back in the LOS scenario; (b): Exposure from the side, LOS; (c): Exposure from the back, NLOS;
(d): Exposure from the side, NLOS. (a) Exposure from the back, LOS. (b) Exposure from the side, LOS. (c) Exposure from the back, NLOS. (d) Exposure
from the side, NLOS.
2) NLOS
Power flux density magnitude in the NLOS scenario is shown
at Figure 10b (top) (100 samples). The precoding gain in the
NLOS scenario varies slightly more with distance and has
a nearly equal absolute average value of around 14.3 dB,
compared with LOS. The former is the result of a more
rich scattering environment which NLOS provides, as was
mentioned in the previous section.
Another interesting effect is the increased relative variation
of EGT-precoded power density SEGT for all UE positions.
This is expected: the signal variation is related to the geom-
etry variation across the environment samples. Randomly
generated scatterers play a less significant role in the
non-obstructed propagation (LOS), as the direct component
is constant and shared among all samples.
The comparison of the large-scale fading with the free-
space model shows a larger PL in the NLOS. This is the effect
of shadowing by the LOS-blocking scatterer (see Figure 2).
It is interesting that UEs at an intermediate distance from
the BS experience less shadowing; it might indicate that
the signal is more likely to reach those UE locations
through less interactions with the environment (e.g. with only
1 reflection).
At the bottom of Figure 10b, the psSAR10g variation
with distance in 10 NLOS environment samples is depicted.
It was found to be around 3.5 times lower than that of the
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FIGURE 10. As a function of distance to the BS. Top row: time-averaged power flux density at the locations of the UE. Black dashed line shows
EGT-precoded sample average and error-bars denote 25th - 75th percentile range; red dash-dotted line shows average power density with no precoding
applied; blue dotted line gives a free-space path-loss reference. Bottom row: psSAR10g in the phantom’s head. Black solid line shows average over
100 environment samples and 2 phantom rotation angles; blue dashed and red dash-dotted graphs show rotation-specific average values, for 0◦ and
90◦ rotation angles respectively; gray shaded area marks 5th - 95th percentile range. All values are normalized to 1 W BS total transmitted power.
(a) The LOS scenario. (b) The NLOS scenario. (a) The LOS scenario. (b) The NLOS scenario.
LOS scenario. The relative difference between exposure from
the back and from the side was found to be lower in NLOS
than in LOS as a result of a less directive incidence. Exposure
from the back is as well lower than from the side, though
for some UE their average values are very close (e.g. at
10 and 25 m distance).
E. COMPARISON WITH THE GUIDELINES
From the evaluated normalized exposure, we now determine
the power that the BS would need to transmit in order to
violate the ICNIRP basic restrictions for the general popula-
tion (2 W/kg [26]) at a given distance in the LOS and NLOS
scenario, denoted as PLOS and PNLOS respectively.
FIGURE 11. BS output power violating ICNIRP guidlines. Blue dashed
line - the LOS schenario; red dotted line - NLOS.
Figure 11 presents PLOS and PNLOS as functions of dis-
tance to the BS. PLOS increases from around 31 to 39 dBW
nearly linearly with distance. PNLOS has a slightly steeper
trend line and on average exceeds PLOS by 5 dB. As an
example, at the shortest studied distance (8 m) this results in
the BS transmitted power per antenna limits of around 35 W
in the LOS scenario and around 110W in the NLOS scenario,
which is more than satisfactory for almost all indoor wireless
communication systems.
IV. CONCLUSIONS
We presented a numerical framework that for the first
time allows to estimate human EMF-exposure and localized
absorption caused by a massive MIMO system. We applied
the method to a generic model of an indoor industrial envi-
ronment with a single massive MIMO BS. The calculated
wireless channels were analyzed and the results were com-
pared to the data available in the literature, showing good
agreement. The gain of the system in terms of the time-
average power flux density at the receiver antenna terminal
was obtained when using EGT precoding at the BS. In the
assumption of single-user transmission, exposure in terms of
psSAR10g was assessed for users in LOS and NLOS propaga-
tion conditions at distances to the BS ranging from 8 to 26 m.
Detailed results presenting psSAR10g distributions and peak-
cube locations are discussed with respect to the exposure
conditions. psSAR10g variation with distance to the BS was
analyzed and compared to the power density observed in free
space at the same location. Finally, maximum allowed powers
of the massive MIMO BS were obtained in LOS and NLOS
scenarios.
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The introduced approach can be further extended to
account for the individual radiation patterns of the elements
in the massive MIMO array, more advanced precoding tech-
niques and multi-user transmission scenarios. Other types of
environments (e.g. outdoor) and topologies are to be studied.
This remains to be the main focus of the future research.
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